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ARTICLE INFO ABSTRACT

Keywords: Grazing Incidence Small Angle X-ray Scattering (GISAXS) has been used for characterization of a
X-ray scattering cluster structure of the [Fe/Crlsp multilayer with ultrathin iron layers. The experiment was
Grazing incidence performed at the “Langmuir” station of the Kurchatov Center of Synchrotron Radiation and

X-ray reflectivity

Distorted wave born approximation (DWBA)
Cluster-layered multilayers

X-ray standing waves

Nanotechnology. Experimental GISAXS image has shown the side satellites and the Bragg peak
revealing the existence of density inhomogeneities with an average lateral distance of ~19nm
periodically repeated along depth. The modelling of the obtained image has been done in the
DWBA approximation. It has been shown that for the wavelength used in the experiment
(0.0951 nm) it is not possible to distinguish if the inhomogeneities exist in the Fe or in the Cr
layers due to the small optical contrast between Fe and Cr layers. However, as it has been de-
monstrated by model calculations, in the case of the enhanced optical contrast (e.g. for the
wavelength corresponding to the L3 edge of Fe) the x-ray standing waves allow ones to select the
cases of inhomogeneities in the Fe or in the Cr layers: the simulated GISAXS patterns are rather
different for these two cases.

1. Introduction

The unique properties of ultrathin metal films have created an entirely new field of magnetism which already has a profound
impact in the development of magnetic devices for information technology and for applications in areas such as magnetic sensors,
recording materials, and novel devices such as spin filters or transistors [1,2]. Cluster-layered multilayer structures [Fe/Cr] with
ultrathin layers of ferromagnetic constituent show a big variety of interesting magnetic properties such as giant magnetoresistance
(GMR), Kondo-like behavior etc. [3,4]. These properties strongly depend on layer thicknesses and its continuity, layer structure,
quality of the interfaces. Knowledge of the relations between morphology and physical properties of nanometer-scaled objects is key
to engineer the functionalities of devices in nanotechnology. The structure analysis of such multilayers becomes more and more
important in the last years due to the strongly increasing field of nanotechnology and surface science. The common methods for its
characterization: the high angle X-ray diffraction and low angle X-ray reflectivity, atomic force microscopy, polarized neutron re-
flectivity do not give the buried layer morphology and features of the internal local structure. The sample can show quite nice
reflectivity curve with several Bragg maxima confirming the good periodicity of the layer structure, but these data characterize only
the average periodicity along the surface.

Such result has been obtained for the [Fe/Cr], multilayers with ultrathin >"Fe layers, prepared by magnetron sputtering in IFM
RAN (Ekaterinburg, Russia). The measured reflectivity curves were quite good with Bragg peaks and Kiessih oscillations, however,
the measurements of the angular distribution of the reflected radiation give a rather broad angular spectra (~2007), characterizing
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complicated lateral relief of the surface and probably density inhomogeneities in the internal layers [5,6].

Grazing-incidence small-angle X-ray scattering (GISAXS) is a novel technique developed for characterizing nanoobjects at the
surface or lateral variations of the electron density inside the sample (see review [7] and basic theory in Ref. [8]). The most de-
veloped applications of GISAXS refer to characterizing the self-assembly and self-organization on the nanoobjects on the surface of
strongly reflected substrate or in thin films [9-16]. The high intensity of the synchrotron sources gives the possibility to perform such
measurements as a function of time with very high temporal resolution and down to microsecond timescales. The interesting effects
induced by neon and helium implantation have been observed in silicon by GISAXS measurements [17]. Buried nanostructures have
been investigated by GISAXS with the application of the X-ray standing wave technique [18]. The combination of GISAXS and nuclear
resonant reflectivity gives the information about the magnetic ordering of different structural units of a nanostructured sample
separately [19]. The inner structure of multilayers has been examined by GISAXS only in a few papers [20-24].

In these article the results of GISAXS measurements are presented for Al,05/Cr(70 A)/[*”Fe(8 A)/Cr(10.5 A)]30/Cr(12 A) sample
(the nominal thicknesses are indicated). For the interpretation of these results the simplified theory has been used and model cal-
culations reproduce the basic features of the experimental pattern for a proper depth profile of inhomogineities. The question has
been examined how to select the source layers for the side maxima on the GISAXS image and is has been shown that the combination
of the GISAXS measurements with the X-ray standing wave method supply us with information about depth profiling of the in-
homogineities.

2. Experiment

The measurements have been done at the “Langmuir” station of the Kurchatov Center of Synchrotron Radiation and
Nanotechnology. GISAXS image has been obtained with monochromatated radiation (0.0951 nm wavelength) at the grazing in-
cidence angle 6; = 8.37 mrad (Fig. 1). The chosen angle is more than twice larger than the critical angle of the total external reflection
(~4.19 mrad) and at this angle the radiation penetrates through the whole structure. Therefore the obtained GISAXS picture contains
information not only from the very surface layers but from deeper layers as well. The angle & is the angle of the scattered radiation
with the surface plane, the angle i is the angle of the deviation of the scattered radiation from the reflection plane.

The cross sections of the image presented Fig. 1(b) are obtained with DPDAK program package [25]. The Bragg peak at §; ~ 51.46
mrad on the obtained picture is an evidence of the periodicity along depth for the inhomogeneity distribution. The side maxima at
1P ~ + 5 mrad characterize some correlations in a lateral distribution of density inhomogeneities. The simple Bragg law for these
maxima gives the period of the structure D and average lateral distance between inhomogeneities d,,.

D~ # ~ 1.6 nm, deor & L ~ 19.1 nm.
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These estimations are confirmed by more accurate model calculations. In Fig. 1(b) it is seen that the scattered intensity near the
Bragg peak is broader along i than that one near the critical angle, it can be supposed that the average lateral size of the density
inhomogeneities is larger near the surface than inside the multilayer. This is also reproduced by the model calculations of GISAXS
pattern.

3. Brief theory

In DWBA approximation we should deal with the correct dependencies of the radiation field amplitudes inside multilayer for the
incident (subscript ;) and scattered (subscript ;) waves in the forward (*) and backward () directions, calculated on the basis of the
exact reflectivity theory for ideal structure. If z-axis is along the normal to the surface these amplitudes can be presented as
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respectively. The superscripts 1 and || denotes the components of the wave vectors and radius vector perpendicular and parallel to the
surface. The common factor e~ is omitted. Here we consider o-polarization for all waves, and use scalar field amplitudes. Tangential

—ll -l
components of the wave vectors k; and k; are unchanged with depth z. The normal components of the wave vectors have the
following expressions [26]:
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where y (z) is the X-ray susceptibility for given wavelength (Susceptibility is simply connected with the often used refraction index n:
ifn=1e=1+8+if, then y =25 + 2i f3, 6 is normally negative for X-ray wavelengths, f8 is positive in our complex space).

If the variations of the field amplitudes in volume V of the single particle is not essential, than the amplitude of scattering by this
particle can be presented as [8]:
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Fig. 1. (a) Scheme of the experiment, (b) GISAXS pattern measured for our sample and (c) its vertical near ¢y = 0 and (d) horizontal near the critical
angle cross sections.
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and Ap(7) is the deviation of the electron density in particle from the surrounding density. We can put Ao(7) = 1 in the particle,
and Ap(7) = 0 in surrounding space. The absolute values of the scattering amplitudes can be taken into account in the final intensity
expression.
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For our sample with very small layer thicknesses it is clear that the variations of radiation fields along depth are very rapid so it is
reasonable to apply the so called “slicing” for F,4qc. calculation. Supposing in each thin m-slice 4p (7) not depending on z, i.e.
Ap( r) = A4p,(r H) and Ef (z) etkig@2 - Ezij (H,,/ 2)e—‘ktlf(z'”)g where E; J(H /2) is the value of the radiation field in the center of the
slice and & changes in the limits + H,,/2, the integral over z in m-slice in (5) can be easily calculated. Taking into account the small
thickness of the slice we get

Hpn/2 L L
L1 _ expligyy Hm/2)—exp(=iqy, Hm/2) _
S expligh 6 dt = i =
—Hpl2 Qyy

231n(q+iHm/2)
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S0 Fpariicie in thin slices does not depend on g tli. Therefore, the expression (4) for each m-slice is simplified to:
Eu(q, 2) = B @m)E}" @m) Fpariicte (4> Zm) » ©
where
EfY (2m) = Ejy (Hn/2) + E;(Hn/2), (10)

which is the total radiation field at depth z,, in m-slice. For its calculation the propagation matrices exist [26-28]:

d (E°@))_.@vo, (E°(2)

- o =i—M (z o s

dz (Ht (z)) c ¢ )(Ht (@) 11)
where H/(z) is the tangential component of the magnetic field of radiation (proportional to the z-derivative of E?(z)) and the
differential propagation matrix e.g. in the case of o polarization has a form:
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For calculation of Fyarice (q', zm) we assume the simplest case of axial symmetry and get the well-known expression:
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where Ry, is the radius of a cylinder (actually it is a thin disk with thickness of Hy,). In computer calculations the following expression
for Bessel function is used [29]:

J(x) = lf cos(¢p — x sin(¢))de.
= 14)

Taking in mind that the inhomogeneities in our sample are not artificial, the averaging over radius R,, has been applied and in
addition some correlation in their arrangement in each m-slice has been used [8,23]:

_ Llg'R
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R, (15)
where S(g') is a structure factor, d.,,, is the nearest-neighbor distance and gy is its root-mean-square deviation. S(gl) has the following
form in 1D paracrystal model [10,30,31]:
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For uncorrelated inhomogeneities we put Sy, (¢ll) = 1, this can take place in the interfaces and at this depth Frariicte (g, z,,) imitates
the roughness contribution. For averaging among different sizes of inhomogeneities Gaussian function with width o, is used:
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Finally, the coherent sum over all slices in the structure is performed and the total GISAXS intensity is calculated by the ex-
pression:
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where

L
q- = n (sin 6; + sin 6y). 19)
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Fig. 2. (a) Normalized reflectivity at 0.0951 nm wavelength for the Al,03/Cr(70 A)/[*"Fe(8 A)/Cr(10.5 A)130/Cr(12 A) sample (symbols are the
experimental curve and solid line is the fit result) and (b) the obtained depth profiles of Rey(z) and Imy(z) (all 28 repetitions is not shown and only
initial part of these functions is presented).

Factor e"’ﬁql2 (similar to the Debay-Waller factor) is included in order to take into account some lost of coherence in the interference
of scattered waves from different slices with increasing angle. (More complicated formalism for the depth correlations of in-
homogeneities is considered in Refs. [20,21,31]). Factor W, is the relative “weight” of inhomogeneities in different slices, it depend on
its relative electronic density (the absolute value of Ap,, is more convenient to include to W;,) and density of inhomogeneity distribution.

4. Calculation of the GISAXS pattern

The modelling of the GISAXS pattern we have started from the fit of the X-ray reflectivity curve, measured for our sample at the
same wavelength 0.0951 nm (Fig. 2(a)). Fit gives the period D = 1.602nm and depth profiles of the real and imaginary parts of
susceptibility, Rey(z) and Imy(2) respectively, drawn in Fig. 2(b). The program package REFSPC [32] has been used for the re-
flectivity fit. In this program the interface roughness is considered by the existence of the interfaces of variable thickness and error
function profiles for Rey(z) and Imy(z) divided by some number of steps. The obtained depth profiles are rather complicated, the
distortion of the top and bottom periods compared with the repetitive part is taken into account. The obtained values of Re(z) and
Imy(2) in Fe and Cr layers differ from the Table values [33] indicating their essential intermixing. Possible diffuse scattering results in
the larger values of Imy(z) obtained during the fit.

For the following usage of these profiles for GISAXS calculation the steps in depth profiles are adopted to the slicing for ~0.2 nm.
In total we have ~ 50 slices and 8 of them are repeated 28 times. After that the additional fit to the experimental X-ray curve with
these new steps has been done. The final procedure with reflectivity task is the calculation of the amplitude of the total radiation field
E(2) as a function of the grazing incidence (or exit) angles 0, ;, which is needed for calculation by formula (18). Squared module of this
function is presented in Fig. 3.

0.02 0.04  0.06
G‘Vf (rad) (a)

0.000

" 07550

1.510

Depth (A)

2.265

3.020

0.002 0.004 0.006
0, (rad)

(b)

Fig. 3. (a) IE{{ (z, 6,)P%, calculated for the obtained Rey(z) and Imy(z) by the reflectivity curve fit; (b) and (c) the same in the selected angular
regions near the critical angle and near the Bragg maximum.
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Fig. 4. Calculated GISAXS pattern (about the used parameters see text).

For calculation of GISAXS pattern the additional parameters should be defined for each slice, namely the relative weight of
scattering amplitude W, by inhomogeneities, the average radius of the disk R, and width of their Gaussian distribution o,,, the
nearest-neighbor distance d,,, of inhomogeneities and its root-mean-square deviation o,:

At the moment we are not able to fit so huge amount of parameters (5 x 50 slices), so just qualitative similarity of the calculated
GISAXS pattern is achieved (Fig. 4) by the handle variation of basic parameters.

The following description of the structure has been obtained. The top layer (~2.5nm) is characterized by uncorrelated in-
homogeneities with average size (some analog of the correlation length) of 18 nm and its distribution of ~8 nm. Then correlated
granules exist with average radius of 5.5 nm, width of their Gaussian distribution of 1.5 nm, average distance of ~19.1 nm and its
root-mean-square deviation of ~2nm. The relative scattering from this second layer (W,,) is ~ twice stronger than from the top
layer. The main contribution to the GISAXS picture the periodic part gives. It consists from the partially correlated and uncorrelated
contributions thirty times stronger than surface scattering. The uncorrelated scattering is originated from Fe/Cr and Cr/Fe interfaces
with thickness of ~ 0.2 nm. For the correlated part we get the inhomogeneities with average lateral size of ~2.5 nm, 2.4 nm width of
their Gaussian distribution and vertical size of 0.4 nm, they are distributed with the average distance of ~19.1 nm and its root-mean-
square deviation of ~4 nm.

It is a pity that at the used experimental wavelength it is not possible to distinguish the cases when inhomogeneities exist in the Fe
or in the Cr layers. If we change in calculations the position of inhomogeneities for a half of period, than no change of the calculated
GISAXS pattern appears.

5. Test of the X-ray standing wave influence

Insensitivity of the calculated GISAXS pattern to the position of the inhomogeneities in one period follows from the very small
contrast of the susceptibilities between Fe and Cr layers for the used wavelength (being even smaller due to the layer intermixing). At
such contrast the Bragg reflectivity is very low and the radiation field inside the structure has a negligible variation on the scale of one
period. For the higher contrast of susceptibilities between constituents in one period the radiation field formed at Bragg condition
supplies the selectivity in interaction with the separate parts in one period. That can be used for determination of which layer in
period contains inhomogeneities, i.e. which layer is not continuous (in the case of very thin layer). The similar approach (waveguide
effect) has been used for the enhancement of the scattering from nanostructures in thin film [23] and selective study of the interface
roughness [34].

The higher contrast of susceptibilities between Fe and Cr takes place near the absorption edges. For instance, the variation of Fe
susceptibility in vicinity of the L, 5 edges is drawn in Fig. 5.

If we choose A = 1.7566 nm then the contrast of susceptibilities in Fe and Cr layers is high enough:

Xre = (117.35 4+ 67.70 i)-10™* and y., = (—35.35 + 31.87 i)-107*. (20)
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Fig. 5. Table values and experimentally obtained by XMCD measurements for Rey (a) and Imy (b) from Refs. [33], [35]. The dot vertical line
denotes the chosen wavelength for model calculations.

At this wavelength the standing waves in our structure at Bragg condition should be rather good. The calculations for Figs. 6 and 7
are done for the same structure Al,05/Cr(70 A)/[°"Fe(8 A)/Cr(10.5 A)]30/Cr(12 A) with nominal parameters but for wavelength
A = 1.7566 nm and susceptibilities (20).

For demonstrating the depth selectivity on the scale of one period the angular dependencies of the fluorescence yield from Fe and
Cr layers are calculated. The essential shift of the maximum on these dependencies is explained by the different position of the
antinodes of the standing waves at different glancing angles. Basing on the fluorescence yield curves we can choose the incident
angles as 0; = 28.59°, 28.992° and 29.335° for calculating GISAXS patterns in order to enhance the scattering signal from in-
homogeneities in Fe or Cr layers. The pictures in Figs. 8 and 9 are calculated with the following parameters of inhomogeneities: the
lateral size is given as R,;, = 10 nm, and for Fig. 9 the nearest-neighbor distance is defined as d,, =67 nm with its root-mean-square
deviation oy = 10 nm.

In the 6¢ dependencies of the scattering the angular shift between cases when inhomogeneities are situated in Fe or in Cr layers is
clearly seen. This proves the principal possibility to distinguish the discontinuity of different layers in periodic multilayer by GISAXS
method on conditions that the relevant parameters of the experiment will be provided.

6. Conclusions

In summary, we have presented the GISAXS image for the [Fe/Cr];, multilayer with ultrathin Fe and Cr layers measured at
0.0951 nm wavelength which has shown the Bragg peak, originated from periodic structure of inhomogineities, and side maxima for
the exit angles near the critical angle and Bragg sheets, revealing the partial lateral correlation of the inhomogeneity distribution. The
presented simplified GISAXS theory based on the DWBA approximation and thin slicing of the whole multilayer, allows of re-
producing the basic features of the experimental pattern by proper depth distribution of the inhomogeneities. In order to show the
possibility to use the x-ray standing waves for distinguishing the inhomogineity locations, the model calculations have been done as
well for the wavelength in vicinity of the Fe L3 edge, where the optical contrast between Fe and Cr layers is large enough to create
noticeable X-ray standing waves. The results show the difference in the GISAXS pictures for the cases, when inhomogineities are
placed in the Fe or in the Cr layers. In conclusion, we have demonstrated that the GISAXS method has a great potential for
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Fig. 6. IE} (z, 6,) in vicinity of the Bragg peak calculated for A = 1.7566 nm. The shaded regions represent positions of Fe layers.
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Fig. 8. (a) GISAXS pattern (right half) in vicinity of the Bragg peak for incident angles 8; = 28.59°, 28.992° and 29.335° in the case of the uncorrelated
inhomogineities in Fe layers (left side) and in Cr layers (right side) and (b) their integrated horizontal cross sections as a function of the exit angle 6.
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Fig. 9. (a) GISAXS pattern (right half) in vicinity of the Bragg peak for incident angles 6; = 28.59°, 28.992° and 29.335° in the case of the correlated
inhomogineities in Fe layers (left side) and in Cr layers (right side) and (b) their integrated horizontal cross sections as a function of the exit angle 6.

characterizing a real structure of periodic multilayers and for detecting the discontinuity of definite layers.
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